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We show that quantum information may be transferred 
between atoms in different locations by using "phantom pho- 
tons": the atoms are coupled through electromagnetic fields, 
but the corresponding field modes do not have to be fully 
populated. In the case where atoms are placed inside op- 
tical cavities, errors in quantum information processing due 
to photon absorption inside the cavity are diminished in this 
way. This effect persists up to intercavity distances of about 
a meter for the current levels of cavity losses, and may be 
useful for distributed quantum computing. 
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packet from the almost perfectly reflecting mirror of a 
second distant cavity is prevented. In the same setup, a 
different idea |3j is to use adiabatic passage to accomplish 
the coherent transfer of quantum information through a 
dark cavity state: ideally there is never a photon inside 
the cavity. It is the latter scheme that forms the inspira- 
tion for the present work: is it possible to communicate 
between two cavities using a dark "fiber" state and thus 
diminish losses inside the fiber that connects the cavities? 
Or, stated somewhat differently, can one do without a 
photon altogether? Although error correction schemes 
have been designed specifically for photon absorption er- 
rors [§l-c[, it would be even better to avoid the error. 
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I. INTRODUCTION 

A standard scheme to transfer population in an atom 
or molecule from one ground state to another through 
an excited state employs a sequence of laser pulses that 
first connects the final state with the intermediate one, 
and only then the initial state If this process is exe- 
cuted adiabatically, the atom stays in a (field-dependent) 
superposition of ground states, and ideally the interme- 
diate state is never populated, thus strongly suppressing 
decays out of the usually unstable excited state, while 
still achieving population transfer with almost 100% ef- 
ficiency. In Quantum Communication one attempts to 
transfer quantum information from one location to an- 
other over a usually noisy channel. If one could simi- 
larly avoid populating the intermediate noisy state, this 
would be useful both for distributed quantum computing 
and for quantum cryptography, as losses due to photon 
absorption could be partially avoided this way, and as 
an eavesdropper would not be able to use eavesdropping 
techniques that rely on the actual presence of the pho- 
ton. Although the two situations are different, the math- 
ematical descriptions are sufficiently similar to suggest 
that the effect should exist in quantum communication 
as well. Here we investigate this idea in a realistic phys- 
ical setup. 

In 1^ a physical implementation for communication in 
a quantum network has been proposed, based on high-Q 
cavity QED: atoms inside cavities store quantum infor- 
mation while photons, produced by laser manipulation 
of the atoms, are the data buses, carrying information 
from one cavity to another. In that proposal, laser pulses 
were designed in such a way that one atom-cavity system- 
produces a time-symmetric photon wave packet, so that 
the seemingly unavoidable reflection of the photon wave 



II. A PHYSICAL IMPLEMENTATION FOR 
QUANTUM COMMUNICATION 

The physical system under consideration consists of 
two high-Q optical cavities connected by a quantum 
channel (which can be an optical fiber for longer dis- 
tances, or just the vacuum for shorter distances), which 
will be called the "fiber" from now on. We choose the 
optical frequency domain because thermal optical pho- 
tons are practically absent at room temperature. There 
are (at least) two ways of describing the electromagnetic 
field modes in the presence of the cavities and fiber. One 
description defines cavity modes and fiber modes sepa- 
rately, each mode being represented by creation and an- 
nihilation operators that satisfy the standard commuta- 
tion relations. There is a linear coupling arising from the 
fact that the cavity mirrors are not perfect and transmit 
a small fraction of the incident light from cavity to fiber 
and vice versa. This description has an obvious inter- 
pretation, but the definition of cavity and fiber modes is 
valid in principle only for high-finesse systems, for time 
scales long compared to the roundtrip time, and for oper- 
ation close to resonance (for instance, only then standard 
commutation rules are satisfied [Q). Therefore, although 
we will use the terminology corresponding to the picture 
of cavity and fiber modes, in the calculations we will in- 
stead employ a different, rigorous description in terms 
of second-quantized fields in the complete system con- 
sisting of 2 cavities placed at a distance L. One goal of 
this paper is to extend the analysis of ||^ , which used the 
simpler description. 

For each longitudinal field mode there are in principle 
infinitely many transverse modes. However, the spherical 
mirrors of the cavity lift the degeneracy of those trans- 
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verse modes by such a large amount that only one mode 
is nonnegligibly coupled to an atom inside the cavity. 
This single transverse mode in turn couples only to a 
single transverse mode outside the cavity 1^. This sit- 
uation justifies, for our purposes, using a 1-dimensional 
model where each mode is characterized by a single wave 
number k. 

We thus model the two cavities of length I at distance L 
by two perfect mirrors located at z = ±{L/2 + l) and two 
highly reflecting (but not perfect) mirrors located at z = 
±L/2. The transmission coefficients of these imperfect 
mirrors are taken to be identical and equal to t(k) = 
2/(2 — ifik) with /i real, and the reflectivity is then r{k) — 
1 — t{k). This model for a mirror corresponds to that of 
a dielectric with thickness d and dielectric constant e in 
the limit d — s- and fj, = de constant. A photon inside 
such a cavity leaks out through the partially transparent 
mirror at a rate Kc = c\t\'^/{2l). 



A. Field modes 

The normal modes Uk{z) and Ul{z) for a system 
consisting of just the two imperfect mirrors located at 
z — zLL/2 have been calculated in |^ (Eqs. (11) and 
(12)). We need certain combinations of these modes, 
denoted by V{z), that satisfy additional boundary con- 
ditions V{z) = a,t z — ±{L/2 + l). There are two types 
of such modes, which we refer to as even and odd modes 
resp., which can be written as 

for each k that is a solution of 



y.j-N,;!^[U,iz)TU',iz)], 



(1) 



exp(-2^fcZ) = ±^fc-i?fc, (2) 

where Z = L/2 + I and Rk and Tk are reflection and 
transmission coefficients as defined in Eqs. (15-19) of 
Inside the two cavities, the mode functions take the 
simple form 

Uk{z) T Ul{z) = 2 sin[fc(z + Z)] for z <-Z + l, 
Uk{z) T U'kiz) = t2 sin[fc(z - Z)] for z> Z-l, (3) 

so that the boundary conditions are indeed fulfilled. The 
normalization factors are 

Nk^± = / \Uk{z)TU'k{z)\^dz 
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where -/V^'£ give the cavity and fiber contributions. 
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Eq. (||) has been solved numerically, and typical results 
for the case we are interested in, with I ^ L and \t\ <C 1, 
are displayed in Fig. 1. From now on we will for conve- 
nience denote the modes by the index i = k,±. 



B. Interaction with atoms 

Inside each of the 2 cavities we have one atom, denoted 
by A and B respectively, that we use to store qubits. 
Both atoms are assumed to possess 2 ground states, de- 
noted by |0) and |1). The field modes i couple state |0) 
to an excited state |e) with coupling strengths gt, which 
depend on the positions of the atoms: For an atom at 
position z = zL{Z — s) for < s < I (i.e. inside one of 
the two cavities) we have 




X (iFl)"sin(fcs), 



(6) 



where A is the area of the light beam and d and uq are 
the dipole moment and resonance frequency of the atom. 
The phase factor (t1)" with n even for the even modes 
and odd for the odd modes arises from the corresponding 
phase factor in the mode functions inside the two cavities 
(cf. Eq. (^). As expected, an atom inside one of the 
cavities couples mainly to the modes with a large "cavity 
mode" content, for which nJ and thereby Ni becomes 
small. The state |e) in turn is coupled to state |1) by a 
laser field of different polarization at frequency lol with 
a Rabi frequency ri(t). In order to diminish the effects 
of spontaneous emission from the excited state |e) (at a 
rate 7e) the laser detuning from that state is taken to 
be much larger than all other rates in the problem. In 
particular we take A = ujl — ^ 7e, and henceforth we 
neglect 7e. 

The same condition on A justifies eliminating the up- 
per state adiabatically, and the Hamiltonian describing 
the interaction between the two ground states and the 
field modes is then (in a frame rotating at the laser fre- 
quency) 



i 

J2G^it) k"*'*^|l)(0|a, + h.c. 



(7) 



where the summation is over all modes i, Suj{t) = 
rj(i)V(4A) is the AC-Stark shift due to the laser field, 
gi is the coupling constant with mode i, as given in (|^), 
and the effective coupling between the two ground states 
through mode i is G,{t) = g,n{t)/{2A). As in |], the 
laser phase (/)(t) can be chosen to compensate for the 
time-dependent shift Suj{t) of |1). 

The total Hamiltonian then consists of the sum of the 
free (effective) Hamiltonian for the field modes, iJfioid — 
— (5ia|ai, where Si — ljl — cki is the detuning from 
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mode i, and terms like for atoms A and B. The 
quantities ki are determined by numerical solution of (||). 
The easiest way to describe the evolution of our system is 
in the Schrodinger picture, as in the case of our interest 
the number of excitations is always at most 1. Thus we 
can conveniently denote by the state where all field 
modes are empty except for mode i which has one pho- 
ton, and by \0)i the vacuum state of the field. The initial 
state \ipioo) = |l)A|0)i|0)_B is coupled to a set of interme- 
diate states where one photon is in one of the modes i, 
IV'oio) = |0)A|l)i|0)B, which in turn are coupled to the 
desired final state, where the excitation has been trans- 
ferred to atom B: IV'ooi) = |0)A|0)i|l)B. The evolution 
equations in the interaction picture for the corresponding 
amplitudes cioo, Cqiq and cooi are given by 

jcioo = Xl^^W^oiO: 

i 
i 

icoio = -S^ColQ + (i)cioo + Gf (i)cooi, (8) 

where the index A, B refers to the atoms A and B. The 
AC-Stark shifts due to the atomic coupling gi to the 
modes i have been absorbed into the amplitudes Cqiq, 
and similarly the phases <j>A,B have been absorbed into 
the amplitudes cioo and cqqi, respectively. Note that 
there is no delay time L/c appearing explicitly in these 
equations; nevertheless, since the whole mode structure 
derived from Maxwell's equations is present, this delay is 
incorporated implicitly, and hence causality will not be 
violated. 

Finally, let us return to the phase factor in the 

coupling coefficients (^). The alternating sign of the cou- 
pling is not harmless. In fact, it prevents the existence of 
a perfect dark state in this multimode system: a super- 
position of ground states not coupled to the even modes, 
is coupled to the odd modes, and vice versa. We can 
compare this situation with that of population transfer 
in an atom: wc recall that population transfer through a 
single continuum of intermediate states is very well pos- 
sible (in fact, in a simple model case the transfer is found 
to be complete [Q, but in reality there inevitably are 
effects which will reduce the benefits of adiabatic pas- 
sage through a continuum pT[|). However, the situation 
at hand is, at least for large intercavity distances, like 
that of an atom with two independent continua (corre- 
sponding to the odd and even modes, resp.), where any 
beneficial interference effects are canceled out. Thus for 
large L (a condition to be made more precise below), 
where the mode structure approaches that of a contin- 
uum, we do not expect to be able to avoid losses to any 
degree, irrespective of whether the losses are inside the 
fiber or the cavity. 



C. Introduction of losses 

As losses, especially due to photon absorption, are in- 
evitable, the important question will be what the influ- 
ence of losses is on the transfer of quantum information. 
There are essentially two types of losses: (i) Photons 
are irreversibly lost inside the cavity (this includes pho- 
tons leaking out of the other side of the cavity) at a 
rate 7c. Thus, a fraction "fc/ilc + '*c) of the photons 
is lost in each of the two cavities (the remaining fraction 
Fc = Kc/{i^c + 7c) going from cavity to fiber), (ii) Pho- 
tons inside the fiber are absorbed at a rate 7/ = ac in 
terms of the absorption coefficient a of the fiber. The 
fraction of photons surviving travel through a fiber of 
length L is exp(— aL). 

In terms of the modes z, which are mixed cavity/fiber 
modes, the losses are taken into account by a decay rate 
7i of each mode, which is just a weighted average of the 
fiber and cavity loss rates, 

j,^2N^j, + Nljf, (9) 

where the normalization factors were defined in (|). This 
relation can be derived from modeling the losses as due to 
a large set of absorbers (atoms) inside cavities and fiber 
off- resonantly coupled to the modes i. Namely, in that 
case each field mode effectively couples to a continuum, 
which introduces both a decay 7^ and an energy shift Si 
according to 

S,-^^./2^J2 f A '!''r /J V-.(^)|V,(^)dz, (10) 
J J-Z + 

where the sum is over different types of atoms or atomic 
levels j involved, fj,j is the coupling constant to level j, 
Aji the detuning of mode i from level j, which we ap- 
proximate to be independent of i, Tj the decay rate of 
level j, while Pj{z) gives the number density of atoms 
with levels j at position z. The result (^ follows from 
(|lo| ) if we assume the densities pj{z) to be piecewise con- 
stant inside the fiber and inside the two cavities. We may 
neglect the shifts Si if we assume Aj to take both posi- 
tive and negative values. In addition to the decay rates, 
cross couplings between different modes i and i' exist as 
well, given by 

^ E £ (11) 

We may again neglect the real part of Cn' , but the imag- 
inary part is nonzero, and can in fact be related to 7/ 
and 7c: using that I <C L we have 

C..-(7/-7e)^^^(.^0 (12) 

for modes with the same parity, and Cn' = for modes 
of opposite parity. Here we used the orthogonality of 
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the modes i: for instance, for 7c = 7/ we have Cu' = 
for all modes, as follows directly from ( ITTl ) and the 
orthogonality relations. 

We note that with the assumption of a constant ab- 
sorber density in the fiber, the number of atoms involved 
in fiber decay increases linearly with the fiber length L. 
Since at the same time the coupling to each atom goes 
down with VL the decay rate of each "fiber" mode is 
indeed independent of L, as we already tacitly assumed. 
For simplicity, we take decay due to losses through the 
outside mirrors at z = zL{L/2 + I) into account by the 
same equation (^) for 7^, as the respective normalization 
factors can be interpreted as the probabilities of finding 
a photon from mode i in the fiber or inside the cavity, 
and since it is only the cavity mode that decays through 
the outside mirrors. 

In the presence of losses, the equations (§) for cioo and 
cooi are still valid, but the third equation is replaced by 

Gt{t)cioo + Gf{t)cooi. (13) 



III. NUMERICAL RESULTS 

We numerically solve the equations (^) and (^. The 
number of modes i to be included depends on the fiber 
length L. For each calculation we have verified that our 
results have converged with respect to the number of 
modes included. 

We assume that the laser pulses ^A,B{t) are Gaussian 
in shape, and that the laser pulse in the first cavity is 
effectively delayed by a time r compared to the second 
pulse, i.e. in real time we have flA{t) — ^sit — L/c + t). 
Thus for L < t/c the second pulse is actually turned on 
first. The optimum delay time turns out to be r = 1.2T, 
where T is the width of the pulses (which here is de- 
fined by il{t) = r^o exp(— t^/T^)). For optimum transfer 
T has to be larger than and much larger than the 
inverse Rabi frequencies so as to satisfy adiabaticity re- 
quirements: we took T = 20k~^ (except for larger L 
{L > l/lt]"^) where we chose T = 40k~^). Given T, we 
then optimize the strength of the laser coupling and laser 
detuning to find the best possible probability 

P = \cooiit ^ (^)\^ (14) 

to transfer a qubit from atom A to atom B. 

The parameters chosen in all subsequent analysis cor- 
respond to present-day technology [ p^jp^ . We take a 
wavelength around A ~ 852nm corresponding to the D2 
line in Cs. We take fj,ko = 500 for ko = 27r/A, which im- 
plies |ip — 1.6 X 10~^; we take a cavity of size I = lO^^m, 
so that the cavity decay rate equals Kc/2tt — 38 MHz. 
The (maximum) coupling between atom and the pure 



"cavity mode" is taken to be (7max/27r = 100 MHz, and 
the detuning is A/2n = 500 MHz. 

We first examine to which extent one needs to pop- 
ulate the intermediate states containing one photon to 
transmit one qubit in the lossless case (i.e. 7c = 7/ = 0). 
As is typical for the adiabatic passage scheme, the total 
population in the intermediate states can easily be less 
than 5% at any time during the entire transmission. The 
relevant quantity, however, is not the maximum popu- 
lation, which can be made smaller by simply increasing 
T. Instead one has to consider also the total time that 
that population is present. We therefore consider the fol- 
lowing. In the picture that a photon wave packet is pro- 
duced inside a cavity and subsequently travels through 
the fiber, we expect the process to take a total time of 
L/c + 2k~^: the time spent by one photon inside the 
fiber is L/c, while the time spent inside each cavity is 
on average. Hence, if we integrate the population in 
fiber/cavity modes over time, and divide by the amount 
of population transferred from |0)b to \1)b in atom B 
and by L/c+ 2k~^, we expect this number, 

|cooi(i->(X3)|2 L/c+2kc^' ^ ' 

to be larger than or equal to 1. Fig. 2 shows, however, 
that this number may be below unity, and only around 
a value of L « L^s = VI^P ~ 0.6m, does this number 
increase from near to 1. At this length, the effective 
number of modes coupled to the cavity becomes larger 
than 1, and the same threshold will be found in the pres- 
ence of losses. For smaller L, the fact that R is smaller 
than 1 is a manifestation of a dark state and shows that 
the intermediate states do not have to be fully populated. 
We also note that the ratio (|l^) is minimized for maxi- 
mum transfer of information (in fact |cooi(i co)P ~ 1 
in all cases). 

We now turn to the question of how losses affect the 
transfer of information, in particular, whether the fact 
that the intermediate states do not have to be fully pop- 
ulated can be exploited to reduce losses. The probability 
of sending one photon from one cavity to the other is 
at most equal to the probability exp(— aL) of sending a 
photon through the fiber multiplied by the probability 
that the photon leaves the first cavity and enters the 
second one. That is, we expect P, defined in (p^, to be 
at most 

Pi = f exp(-7/L/c). (16) 

while multiple reflections between the two cavities will 
reduce this number. However, as we will show below, it 
turns out that the losses in transmission of information 
can be limited to less than indicated by these numbers: in 
particular, if the cavity losses are dominant that proba- 
bility can be strictly larger than . In the more general 
situation where 7c ~ 7/, the probability to transmit a 
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qubit can be strictly larger than Pi. On the other hand, 
if the fiber losses become dominant, the optimum proba- 
bility of transmitting a qubit over this lossy channel will 
not be larger than exp(— 7yL/c). 

The lowest value for the unwanted cavity loss rate was 
reported in to be 7^ = 2 x 10"^c/(20 3 x lOh-^. 
The relation Kc = 87c has the interpretation that 1 out 
of 9 cavity photons is lost. At the best wavelength of 
1.55 /i the loss rate in a fused silica optical fiber is only 
7/ = 1.4 X 10'*s~^. Even at the wavelength of interest 
here, A = 852 nm, the fiber loss rate 7^ ~ 3 x 10^s~^ is 
still much smaller than the cavity loss rate. In this case 
the relevant question would be whether one can avoid 
losses inside the cavity. Indeed, by tuning on resonance 
with the mode i that is most cavity-like the optimum 
transfer is clearly better than Pi = (this corresponds 
to using the dark cavity state as in Ref. Q). Even better, 
however, is to tune to the next mode of the same parity: 
that mode is still strongly coupled to the atoms, but has a 
smaller cavity mode content and hence decays at a lower 
rate. This is illustrated in Fig. 3. 

In order to investigate the intermediate regime, where 
7c =7/, we show in Fig. 4 that the optimum transfer also 
in that case is better than Pi for not too long fibers: this 
again is a manifestation of the (imperfect) dark state. 
For long fibers L ^ VKP reaches Pi as a limit. 

On the other hand, for the case where the fiber losses 
are dominant, our numerical results for 7/ ^ 7c (not 
shown here) indicate one cannot improve upon the stan- 
dard exponential loss inside the fiber, even if there is 
never more than, say, 5% probability to actually find a 
photon inside the fiber at any time during the transmis- 
sion. 



IV. DISCUSSION AND CONCLUSIONS 

In conclusion, quantum information can be transferred 
from one atom to the next by using "phantom photons" : 
the intermediate states where the quantum bit is carried 
by a photon inside a cavity or inside a fiber need not be 
fully populated. Neither energy conservation nor causal- 
ity are violated. Losses due to photon absorption inside 
the cavities can be diminished this way. This effect can 
be viewed as resulting from the fact that one can restrict 
the number of reflections of the light field inside the cav- 
ity to below the number of reflections expected, l/|tp. 
On the other hand, our results indicate that losses in- 
side the fiber cannot be overcome. The main reason for 
this ||lj] is as follows: In the absence of losses all modes 
are non degenerate and can in principle be selectively ex- 
cited. In particular, one can couple the atom to a mode 
that has only a small amplitude inside the fiber, but has 
appreciable amplitudes in both cavities. By using those 
nonlocal modes one can "skip" the fiber. In the presence 
of losses, however, the modes become more and more 
degenerate with increasing absorption due to the cross 



coupling between the different modes. Consequently, the 
atom couples to combinations of degenerate odd and even 
modes that are increasingly localized, i.e. the modes live 
in cither one of the cavities, but not in both. In that case 
it would seem the fiber can no longer be skipped. For fu- 
ture research we suggest here a possibility that perhaps 
allows one to escape this conclusion: by tayloring laser 
pulses such that its Fourier spectrum contains peaks only 
at desired mode frequencies one might still be able to pre- 
vent fiber losses to some extent, although the argument 
that the modes become more and more degenerate still 
applies. 

The suppression of losses for present technical capa- 
bilities is most efficient on smaller scales, and therefore 
most useful for distributed quantum computing, as for 
instance in the setup consisting of micro-fabricated ellip- 
tical ion trap arrays proposed in ||l5|] . Namely, losses can 
be partially avoided until too many modes are coupled to 
the cavity modes, i.e., until L ^ L^s — l/\t\'^, as has been 
confirmed numerically; for the parameters used here, per- 
taining to a Cs atom inside a high-finesse Fabry-Perot 
cavity, this corresponds to LcS ~ 0.6 m. This restriction 
is determined by the quality of the cavity through Kc- 
Larger quality factors and correspondingly lower decay 
rates Hc and 7c have been measured for fused silica mi- 
crospheres |l^], which would increase the length Lcs by 
at least one order of magnitude. Since, moreover, such 
microspheres at a wavelength of A = 1.55/i would have 
the same low loss rate 7c as fibers, they in principle are 
even better candidates for implementing quantum com- 
munication or distributed quantum computing, with or 
without phantom photons. 
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FIG. 2. The time spent on average by photons in the fiber 
and the cavities, normalized by the expected time 2k~^ +L/c, 
as a function of L. 



0.8 
0.6 
0.4 
0.2 



0.8 

0.6 

0.4- 

0.2- 

— 
59 



60 



61 



62 



63 



64 



L 

65 



66 



67 



68 



Cavity mode content 2N^^^/ Nu,± as a func- 
which is related to the wave number k by 
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FIG. 1. 

tion of n 

k = (11 X lO'' + n)-n /L; n is approximately an integer, except 
around the resonance with the cavity mode (around n « 60 
in this case). Here L/l = 10^ — 1/3 for the upper graph, 
and L/l — 10^ for the lower. Even (odd) modes are denoted 
by + (o) and are located at the solutions for k to (P). The 
even modes of the upper graph indicated by labels '1' and 
'2' correspond to the two modes used in the calculation for 
Figure 3. 
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FIG. 3. Logarithm of the probability P to transfer a qubit 
as a function of 7^ in units of c/Lq with Lq — Im where 
7/ = 0. The dashed line gives log(Pi) — 21og(Kc/(Kc + 7c)) 
as a reference. Curve 1 corresponds to tuning the laser on 
resonance with the most cavity-like mode, curve 2 to tuning 
the laser around a neighboring mode with the same parity, as 
indicated in Figure 1. 
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FIG. 4. Logarithm of the probabiUty P to transfer a qubit 
as a function of 7/ in units of c/Lo for several values of L, for 

7c = 7/. The dashed lines give log(Pi) as references. Note 
that for L = 8m the solid and dashed curves fall on top of 
each other. 
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